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EP 0 503 881 B1 

Description 

The invention relates to magnetic field generating apparatus particularly for use in performing a nuclear magnetic 
resonance (NMR) experiment. 

s NMR experiments rely on placing a sample to be examined in a controlled magnetic field, generally having a high 

homogeneity. MRI magnets have been designed to produce spherical zones of homogeneity by cancelling between 
axial coil arrays low error order terms, say Z2 and Z4, and as many higher order terms as permited by cost constraints. 
It is well known that an array of n axial coils will correct up to 2n axial even orders - ie. a four coil magnet corrects Z2, 
Z4, Z$ (there are always considered an even number of coils symmetrically placed about the midplane of the magnet). 

10 The diameter of the homogeneous zone increases as higher orders are cancelled, but it becomes more costly to do 
this as more coils are needed. Now it happens, that the higher order terms contribute to the net field at a radial point 
more strongly as the radius of the homogeneous zone increases. Another way of looking at this is to say that as the 
considered field point is moved out in radius, closer to the inner radius of the coils, the local field contribution of the 
nearest coil dominates the situation, increasing the rate of field charge with radius. Therefore, it is usual to accept that 

*5 MRI magnets, comprised of a few discrete coils are designed to produce useable homogeneity over, perhaps half of 
their bore diameter. It is too costly to correct a large number of high orders by discrete arrays. As the maximum diameter 
of the object subjected to NMR is increased, the magnet bore size has to be increased therefore in the ratio of, magnet 
bore diameter is twice maximum subject diameter. 

Increasing the diameter of the coil set is costly in superconductor. The following simple analysis shows that for 

20 fixed field and conductor hoop stress, cost rises in proportion to the radius cubed. 
V = 2na A n, a = coil radius, A = coil cross-section, n = nos turns 
Stress in a turn o l*Bz*a/A. I = current, Bz is local axial field o*l=*a*Bo/A,Bo=*Bz where Bo is the bore field 

2S Bo =u.o*n*l/a, 

for a simple coil 
Substituting for I 

30 

Cost = (27t/|i)*a *Bo /a 

Conventional MRI magnets are not satisfactory, therefore, for examining relatively large objects where the areas 
of interest extend beyond the region which can be placed within the spherical homogeneous region even though the 

35 object can be placed within the coils. 

EP-A-01 87691 discloses a magnetic assembly for use in magnetic resonance imaging apparatus, an examination 
assembly comprising six electrical coils arranged asymmetrically about an axis. The coils are arranged to generate a 
substantially uniform magnetic field at a point offset from the geometric centre of the assembly. 

EP-A-0404461 discloses a magnetic field assembly for generating magnetic field gradients across the region. The 

40 assembly comprises a Y gradient coil assembly, which applies gradients along a Y axis, and a X gradient coil assembly, 
which selectively applies gradients in the X direction. The gradient coil assemblies include two coils mounted on op- 
posite sides of the examination region, with these coils being arranged symmetrically relative to the axis of the apparatus 
(conventionally designated the Z axis). In addition to these gradient assemblies, there is also provided a Z gradient 
coil assembly which includes a pair of annular or other conventional coils for creating gradients on the Z axis. 

45 EP-A-01 34701 discloses applying a bias field to the gradient field of an NMR imaging system to offset the nil point 

in the gradient field from its nominal position. The bias field is induced by a separate bias coil which may take any 
shape, so long as the fields produce results in an essentially uniform offset in the main field. In the preferred embodiment 
the bias coil arrangement comprises a pair of current loops forming a Helmholz coil configuration. 

In accordance with the present invention, we provide magnetic field generating apparatus comprising a plurality 

so of coaxial coils spaced apart and along an axis characterised in that the apparatus further comprises a solenoid having 
a plurality of turns about said axis, wherein said coils are positioned relative to each other and to said solenoid such 
that when working currents flow through said coils and said solenoid a magnetic field is generated within said solenoid, 
said magnetic field having a zero order component and a first order gradient with high order gradients being substantially 
balanced, wherein said magnetic field has contours of constant value extending with a radially outward component 

55 from said. axis of said solenoid, and wherein regions of substantially homogeneous magnetic field for performing an 
NMR experiment are formed about said contours, said regions extending along said contours and having a substantially 
constant thickness on either side of said contours. 

We have realised that if an odd order gradient is applied to a solenoid, the spherical central region which is normally 
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present at the centre of a solenoid suitable for NMR is largely removed and a set of saucer shaped high homogeneity 
planes are generated, there being a gradient between the planes, that extends to the diameter of the solenoid. We are 
then able to illuminate a subject of given diameter with a coil set of approximately the same diameter, and benefit from 
the r 3 cost savings. In Table 1 below conductor quantity for 2.0T, 70 MPa MRI magnets, spherical homogeneity is 
s compared with a solenoid of similar length, planar homogeneity, where both are able to illuminate a subject 0.8 m 
diameter. 



TABLE 1 



Comparison of a solenoid for planar homogeneous zones and a "standard ■ MRI magnet 


Comparison at 2.0T 70MPa hoop stress: 


- "MRI array 6 coir 




Mean coil radius 80cm 




Mean overall length 246cm 




Homogeneous sphere ± 100ppm 


80cm 


Conductor at 100T cm* 2 


515554m 


- Gradient Solenoid 




Mean coil radius 40cm 




Mean overall length 400cm 




Homogeneous sphere ± 100ppm 


80cm 


Conductor at 100T cnr 2 


122447m 



A further significant advantage of this apparatus is that the working regions will extend substantially fully across 
the diameter of the solenoid. Consequently, much larger areas of the sample can be investigated than has previously 
been possible. For example, inanimate objects such as polymer composites and the like can be investigated. 

The gradient field also breaks the symmetry which would otherwise exist on either side of the mid-plane of the 
solenoid so as to remove further spatial ambiguity. 

In contrast to conventional magnets used in NMR in which the low order field terms are balanced, in the present 
invention a solenoid with a relatively large aspect ratio can be used which will enable higher order error terms to be 
balanced with the low order error terms remaining to define the axial gradient. 

The invention thus envisages the use of low order axial gradients (particularly first order) which are normally elim- 
inated in NMR magnets. It should also be noted that solenoids of practical dimensions, which will possess a positive 
second order axial gradient can be used. This second order governs the shape of the homogeneous regions but in 
"pure form" simply dishes the homogeneous regions, while a first order gradient controls the thickness of the homo- 
geneous regions. Preferably, therefore the first order gradient is greater than or equal to the second order gradient. 

The invention provides an additional advantage, when considering solid state NMR, which is that the gradient 
between planar homogeneous zones ensures that it is easier to provide an appropriate RF field. That is an RF field 
that is orthogonal to the field of the magnet everywhere in the homogeneous zone and follows the same value every- 
where in space as a function of time for any pulse sequence. 

An example of magnetic field generating apparatus according to the present invention will now be described ac- 
cording to the accompanying drawings, in which: - 



Figure 1 illustrates the field profile within a conventional solenoid; 

Figure 2 illustrates the field profile within the same solenoid but modified by the addition of a gradient magnetic 
field generator in accordance with the invention; 

Figures 3A-3J illustrate the effect of different and Z 2 gradients on the homogeneous regions; 

Figure 4 illustrates the coil dimensions referred to in Table 4; and, 

Figure 5 shows a cross section through the conductor of the coil of Figure 4. 

Figure 1 illustrates contours of constant field which exist in a simple solenoid. The plot is of radius R in cm against 
axial length Z in cm from mid plane or origin of magnet. The dimensions of the solenoid whose field is illustrated are 
inner radius = 30cm, outer radius = 31.72cm, length to the mid plane = 75cm and current density = 10,050 A/cm 2 . In 
this Figure, the contours are shown at three different field values separated by 100 gauss (2000, 19900 and 19800 
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Gauss 1,2,3). The thicknesses of regions of homogeneity centred at ±10 gauss from the nominal value are shown. 
These regions are generally deeply dished and because of the symmetry about the mid-plane, together with the central 
spherical region of field homogeneity, the central sections of the regions are thickened and merge with their partners 
in symmetry. This is unsatisfactory if attempts are made to use the dish shaped regions by reason of ambiguity due to 
the symmetry, the extreme curvature of the working regions, and also their varying thicknesses. 

Figure 2 illustrates the effect of modifying the solenoid so that at least the first order terms are not balanced and 
a steady linear, axial field gradient is generated. Firstly, the symmetry between the regions on either side of the mid- 
plane is removed. Secondly, the thickness of the working regions becomes determined more by the gradient and less 
by the properties of the solenoid. This is shown in Figure 2 in the case of applying a gradient of 1 0 gauss/cm for 1 9800, 
19900, 20000 Gauss 4,9;5;8;6,7. It can be seen also that the gradient has a beneficial effect on the flatness of the 
working regions which have substantially constant thicknesses and extend close to the inner circumference of the 
solenoid. Lines 10,11,12 illustrate the results for application of a gradient of 60 Gauss cm for 1 9800, 1 9900 and 20000 
Gauss. 

A gradient will exist in the axial direction so that when an NMR experiment is performed, it is necessary dynamically 
to cancel that gradient but this can be done using conventional NMR technniques. 

Tables 2 and 3 below set out the coil configurations used to achieve the field profiles shown in Figures 1 and 2 
respectively. In these Tables, a1 and a2 are the internal and external radii of the solenoid, while b1 and b2 are the 
positions of the ends of the solenoid relative to the mid-plane. 
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TABLE 2 



Simple solenoid - contours 
Coil # or 0 1.000E+OOU 
J (A/cm2) 1.001E+004 
al (cm) 3. OOOE+001 

a2 3.172E+001 
10 bl -7.500E+0O1 

b2 7.5UUE+001 
precision 5. OOOE+001 



75 



20 



25 



30 



35 



40 



I O.OOOE+000 

R 

4.700E+000 
7.200E+OOO 
9.700E+000 
1.220E+OO1 
1,470E+O01 
1.720E+OO1 
1.970E+001 
2.220E+001 
2.470E+O01 
2.720E+OO1 
2.970E+001 

2.200E+OQO 



0. OOOE+000 
3.892E+000 
b.09bE+000 
8.1O7E+00O 
1 .023E+001 
1.233E+001 
1.451E+001 
1.660E+001 
1.923E+001 
2.185E+001 
2.470E+U01 



Z 
R 



0. 
2. 
5. 
7. 
1 . 
1 . 
1. 

1 . 

2 . 
2. 
2 . 
2. 
3. 



OOOE+000 
5O0E+OOO 
OOOE+000 
500E+O0U 
OOOE+001 
250E+OO1 
50UE+001 
750E+U01 
OO0E+UO1 
250E+OO1 
500E+001 
750E+OU1 
OOOE+001 



.200E+000 
.823E+000 
.180E+00U 
.797E+OOU 
.53bE+OOQ 
.364E+000 
. 128E+001 
.323E+001 
. 54OE+001 
•7b5E+001 
.OOoE+OOl 
.257E+001 
.OOOE+000 



dB/d2 
0. OOOE+000 
-4.994E+0O0 
-7.705E+0O0 
-1.010E+001 
-K230E+QO1 
-1.434E+001 
-1.620E+001 
-1.789E+001 
-1.93oE+u01 
-2.059E+001 
-2.150E+001 



dB/dZ 
2.918E+0O0 
3.731E+0G0 
5.477E+OQO 
7.495E+OO0 
9.573E+0O0 
1.162E+OU1 
1 .360E+001 
1.547E+001 
721E+001 
879E+001 
OlbE+OUl 
129E+0U1 



-1 
-1 

-2 
-2 

O.OOOE+OQO 



error 
2.001E+004 
5.858E-007 
2.929E-007 
6.834E-007 
6.634E-007 
7.810E-007 
6.834E-007 
5.858E-007 
2.929E-007 
1.953E-007 
9.763E-0O7 



error 
1.999E+004 
3.9U7E-007 
5.861E-007 

0. 838E-007 
7.815E-0O7 
1.172E-OUb 
1 .27UE-OOb 

1. U74E-0Ub 
8.791E-0O7 
b,638E-007 
0. OOOE+000 
4 .884E-007 
0. OOOE+000 



45 



50 



55 



Z 1.170E+001 
R 

O.OOOE+000 
2. 500E+000 
5. OOOE+000 
7.500E+000 
1 .OOOE+001 
1.250E+001 
1. 50UE+001 
1.750E+OO1 
2. OOOE+001 
2.250E+001 
2.5O0E+O01 
2. 750E+001 
3. OOOE+001 



1 .170E+001 
1.185E+0U1 
1.228E+001 
1 .299E+001 
1 .394E+001 
1 .511E+001 
1 .b*9E+001 
1 .806E+001 
1 .983E+001 
2. 180E+001 
2.400E+001 
2.646E+001 
O.OUOE+OOO 



dB/dZ 
-1.631E+0U1 
-1 .647E+0U1 
-1.695E+001 
-1.7b9E+00l 
-1.864E+001 
-1.974E+0U1 
-2.O92E+0O1 
-2.212E+0U1 
-2.329E+001 
-2.435E+001 
-2.527E+001 
•2. 595E+0O1 
0 . OOOE+000 



e rror 
1.991E+004 
0. OOOE+000 
6.6b8E-007 
1.177E-006 
1 .668E-00b 
2.257E-006 
2. 159E-00O 
2. 159E-0UO 
1 ,864E-0Ob 
1 .472E-006 
1 .079E-OO6 
1 .9b2E-007 
O.OOuE+000 
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10 



15 



Z 1.24UE+0U1 
R 

U.U0UE+U0U 
2.5UOE+UUU 
5.00UE+UUU 
7.500E+UUO 

1 . UUUE+UUI 
1.250E+OU1 
1.50UE+001 
1.75UE+0O1 

2. U0UE+001 
2.25GE+OG1 
2.5UUE+O01 
2.750E+001 
3.000E+001 



1.24UE+U01 
1.254E+001 
1.29t>E+UUl 
1 .363E+UU1 
1.455E+0U1 
1.5b9E+001 
1.704E+O01 
1 .858E+0U1 
2.U33E+U01 
2.228E+O01 
2 .44bE+0Ul 
2.691E+0U1 
O.OOUE+OOU 



dB/dZ 

1.740E+0U1 
.1.755E+001 
>l,799E+0Ul 
•K8O9E+001 
•1.959E+0U1 
-2.0b4E+001 
•2.17OE+0O1 
-2.291E+001 
•2.402E+U01 
-2.5U4E+0U1 
-2.590E+001 
-2.053E+001 

O.OOOE+OUO 



error 
1 .989E+UU4 
2.945E-UU7 
8,83toE-UG7 
i .375E-UUb 
1.571E-UUb 
2.25bE-00b 
2,258E-UOb 
2.258E-0U6 
2 .258E-UU6 
l.bb9E-0Ub 
9.blttE-007 
2.945E-007 
O.OOOE+OOU 



20 



25 



30 



35 



40 



45 



50 



Z 

R 



l.boUE+001 

U.OOOE+UOO 
2. 5UUE+0UU 
5 . UUUE+UOU 
7 . 5UUE+0UU 
1 .00UE+U01 
1.250E+UU1 
1 • 5UUE+UU 1 
1.750E+DU1 
2.UUUE+U01 

2. 25UE+OU1 
I . 5UUE+UU 1 
^.75UE+UUl 

3. UUuEfOUl 



1.6bOE+G01 
1 ,b7 lE+Gul 
1 . 7UbE+U01 
1.7b2E+001 

1 . tt40E+UUl 
1.939E+001 

2. U5yE+OUl 
2.199E+OU1 
2.3olE+001 
2.54bE+0ul 
2.755E+U01 
2.995E+0U1 
O.GUUE+UUU 



Z 
R 



1.710E+0U1 



2. 
5 . 
7. 
1. 
1. 
1 . 

1 . 
2. 
2. 

2 • 
2. 

3 . 



OOOE+000 
50UE+U00 
UUUE+OOU 
5UUE+UUU 
UOUE+UOl 
25UE+OU1 
50UE+001 
750E+OU1 
OOOE+OUl 
250E+OU1 
3UUE+U01 
75UE+UU1 
UOUE+OOI 



1.710E+U01 
1 .721E+001 
1.755E+0U1 
1.810E+001 
1.887E+0G1 
1 .985E+0U1 
2.1O3E+001 
2.242E+0U1 
2.403E+001 

2. 586E+001 
2.79bE+001 

3. U35E+001 
U.UOOE+UUU 



dB/dZ 
■2.439E+U01 
-2.449E+001 
-2.46UE+001 
-2.530E+G01 
-2. 594E+0U1 
-2.b7Ut+UUl 
-2.753E+UU1 
-2.838E+UU1 
-2.91VE+001 
-2,990£+UUl 
-3.U45E+OU1 
-3.U73E+UU1 
O.OUUE+OUU 



dB/dZ 
-2 . 52ttE+OUl 
-2.538E+0U1 
-^.5bbE+UUl 
-2.bl6E+0Ol 
-2.t>7tfE+U01 
-2.731E+OU1 
-2.631E+001 
-2.912E+001 
-2,y69E+O01 
-3.U57E+001 
-3. 1U7E+0U1 
-3. 131E+0U1 
O.OOuE+UOU 



error 
1.981E+004 
4.931E-U07 
1. 183E-U0O 
1 .381E-0UO 
2.2obE-U0b 
2.0b3E-OUb 
2.958E-00o 
2.958E-UUO 
2.8bUE-UGo 
2 • 405E-UUO 
1 .479E-0UO 
5.917E-U07 
u.uuuE+uuu 



error 
1.979E+004 
4.934E-0U7 
1, 184E-UUb 
1.O77E-006 
2.3obE-00b 
2.5b6E-0Uo 
2.862E-0Ub 
2.9b0E-00fc 
2 . 8b2E-0UO 
2. 2O9E-0O6 
1 . 77&E-OUO 
5, y2uE-007 
U.OUUE+UUU 
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TABLE 3 



5 


Solenoid with lUgauss/cm 


gradient - contours 




Coil # or U 


l.OOOE+UUO 








J (A/cm2) 


1 .UO1E+004 








al (cm) 


3.UU0E+UU1 








a2 


3.172E+U01 






to 


bl -7.5UUE+001 








b2 


7.5UUE+001 








precision 


5.UU0E+001 








Coil # or 0 


2 . UUUE+UUO 








J (A/cm2) 


1.UU0E+UO3 






15 


al (cm) 


3.3U0E+U01 








al 


3. 7UUE+U01 








bl -3.2UUE+001 








b2 


•2.OUUE+0U1 








precision 


5.U00E+U01 








Coil # or U 


3 • OuUE+UUU 






cU 


J (A/cm2) - 


•1 .UUUE+U03 








al (cm) 


3.3UUE+G01 








a2 


3. 7UUE+UU1 








bl 


2.6UUE+0U1 




- 


25 


b2 


3. 2UUL+U01 






precision 


5 .UUUE+Uul 








2 -2.43UE+UU1 








R 


2 


dB/dZ 


error 


30 


O.OU0E+OOU 


-2 . 43uE+0ul 


J . 4b9E+U01 


1 . 979E+UU4 


2 . 5UUE+UUU 


-2.444E+UU1 


3.4b9E+UUl 


b.bb2E-OU7 




5.UUUE+UUU 


-2 . 485E+U01 


3.54&E+0U1 


3.059E-UUO 




7.5UUE40UU 


-2 . 555E+OU1 


3.b45E+001 


5.033E-Ouo 




1 .UUUE+UUl 


-2 .652E+U01 


3.7*2E+001 


b.90bE-UUo 




1 , 25UE+001 


-2.779E+OU1 


4.UU3E+001 


b.4b7E-u0b 


35 


1 . 5UUE+001 


-2.9J3E+U01 


4.314E+0U1 


b. 29UE-00b 




1 .750E+001 


-3.114E+001 


4.793E+U01 


5.329E-UOO 




2.0UOE+001 


-3.312E+001 


5.535E+001 


3.051E-UOO 




2.25UE+001 


-3.513E+0U1 


6.538E+UU1 


2.359E-0U5 




2. 5UUE+O01 


-3,o9bE+UUi 


7.43oE+UUl 


5.053E-OUb 


40 


2. 75UE+UU1 


-3.b5bE+001 


7.013E+OU1 


1 .3U3E-0U5 




Z -2.390E+UU1 








R 


Z 


dB/dZ 


error 




U.UUUE+UUU 


-2 . 39UE+0U1 


3.349E+UU1 


1 .9blE+0U4 


45 


2. 5UUE+UU0 


-2.404E+0ul 


3.3b9E+001 


1 .Ub5E-0Ub 




5.UUUE+UUU 


-2.446E+UU1 


3.42OE+001 


3,057L-UUb 




7 . 5UUE+UUU 


-2, 517E+UU1 


3. 525E+UUI 


4 .931E-UUb 




1 .uuuE+uul 


-2 .oloE+UUl 


3.071E+UU1 


b.9O3E-O0b 




1 , 25UL+UU1 


-2. 744E+001 


3,bbUE+U01 


8.4G1E-0U0 


50 


1.50uE+UUl 


-2 . VUlE+UOl 


4. 167E+U01 


b.y74E-U0b 




1 . 75UE+OU1 


-3.U85E+UU1 


4.bb4E+001 


b.213E-UOo 




2 . UUUE + UU 1 


-3. 2ti7E+001 


5.415E+OU1 


2.4b5E-0uo 




2.25UE+001 


-3.492E+0U1 


b.454E+UUl 


2.199E-UU5 




2.5UUE+001 


-3.O79E+U01 


7.417E+U01 


5.237E-U05 


55 


2 .75UE+0O1 


-3.838E+0O1 


7.653E+001 


1 .674E-005 
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-2.UbOE+0Ul 












Z 




dB/dZ 


error 




o.ouuE+uoo 


-2.0bOE+0Ol 


2.49uE+0ol 


1.9tf9£+O04 


2.5UUE+0O0 


-2.O9bE+0Ol 


2.511E+U01 


1 .ObOE- 


UUb 


5.OUUE+0O0 


-2 . 


145E+0U1 


2.572E+UU1 


3,43oE- 


000 


7.5UUE+000 


-2. 


225E+U01 


2.o74E+UOl 
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The affect of 21 and Z2 gradients can be seen from Figure 3 which illustrates plots obtained by computer simulation 
of contours defining a field variation of ±100ppm relative to the centre of the region. Figures 3A-3E relate to a Z1 
component with a homogeneity of 500ppm at a 25cm radius with Z2 varying from 100 to 500ppm in steps of 100ppm 
starting at 100 pp. at 3A. Figures 3F-3J were obtained for a component with a homogeneity 21 of 1000 ppm and Z2 
s varying from 200ppm to 1000ppm in 200ppm steps starting at 200ppm for 3F. 

The dark plot indicates positive distortion and the light plot negative distortion. 

It can be seen that an increase in the Z2 component causes an increased dishing of the homogeneous region 
while an increase in the Z1 gradient causes the region to narrow. 

An example of a coil configuration suitable for this invention is set out in Table 4 below. The dimensions quoted 
10 are illustrated in Figure 4. Figure 5 is a cross section through the conductor. The reference numerals in Figures 4 and 



5 refer to dimensions shown inthetabie as follows. 13; B2, 14; midplane 15; centre line 16; A, ; 18; A 2 ; 17; 6p 19; 
5 Z> 20. 



15 



AA = (A 2 -A 1 )/2 



AB = B 2 - B 1 



20 



BA=(B 2 + B 1 )/2 



25 



35 



30 



The system of Table 4 is effectively a combined dipole (coils 1 and 2) and quadrupole (coils 3-5). 
The dipole is essentially a solenoid (coil 1) with correcting pair (coil 2). This system produces 

Z0 = 48.5 Gauss/ Amp - 2 Tesla at 412.33 Amps 

Z2 = 41 ppm on 25 cm radius 

Z4 = 26 ppm 

Z6 = -105 ppm 

Z8 = -15 ppm 

Z10, Z12are <Mlppm 

The quadrupole is essentially a "z gradient" coil set, outside the dipole. The field harmonics are 
Z1 = 0.4144 Gauss/Amp on 25cm radius = ± 100ppm of 2T in 5.6mm 8z 
Z3 = -1 ppm 
Z5 = -5 ppm 
Z7 = -10 ppm 
Z9 = -1.5ppm 
Z11 = -1.4 ppm 
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Table 4 
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Coil 


Al 


A2 




AA 


Sr 


LAYER 


Bl 


No 


cm 


cm 


cm 


cm 


mm 


S 


cm 


1 


42 


43.896 


1.896 


42.948 


1.58 


12 


-100 


2 


44 . / U 




x « z. o*+ 


45 . 338 


1. 58 


8 


62.7457 




6 














3 


50.5 


50.816 


0.316 


50.658 


1.58 


2 


61.56 


4 


50.5 


50.846 


0.346 


50.658 


1.58 


2 


40.964 


5 


50.5 


50.846 


0.346 


50.658 


1.58 


2 


17.556 



20 



25 j 


B2 
cm 


AB 

cm 


BA 

cm 


Sz 
mm 


Turn/ 
LAYER 


TD " 

TURN /cm 2 


TURN 
S 


WDG 

LENGTH 

m 




100 


200 


0 


2.96 




21.382 


8108 


21880 


30 


76.5687 


13.82 


69.6557 


2.96 




01.382 


374 
x 2 


2128 


35 


70.44 


8.88 


66 


2.96 




21.382 


± 60 
x 2 


382 




43.036 


2.072 


42 


2.96 




21.382 


± 14 
x 2 


89 


40 


18.444 


0.888 


18 


2.96 




21.382 


± 6 
x 2 
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Claims 

1. A magnetic field generating apparatus, comprising: 

so a plurality of coaxial coils spaced apart and along an axis characterised in that the apparatus further comprises a 

solenoid having a plurality of turns about said axis, wherein said coils are positioned relative to each other and to 
said solenoid such that when working currents flow through said coils and said solenoid a magnetic field is gen- 
erated within said solenoid, said magnetic field having a zero order component and a first order gradient with high 
order gradients being substantially balanced, wherein said magnetic field has contours of constant value extending 

55 with a radially outward component from said axis of said solenoid, and wherein regions of substantially homoge- 

neous magnetic field for performing an NMR experiment are formed about said contours, said regions extending 
along said contours and having a substantially constant thickness on either side of said contours. 
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2. Tho magnetic field generating apparatus according to claim 1, wherein said magnetic field generated by said 
solenoid and said coils further includes a second order gradient, said first order being at least equal to said second 
order gradient. 

5 3. The magnetic field generating apparatus according to any of the preceding claims, wherein said coils are positioned 
radially outwardly from said solenoid. 



Patentanspruche 

10 

1. Ein ein magentisches Feld erzeugendes Gerat, das aufweist: 

eine Vielzahl koaxialer Spulen, die voneinander und entlang einer Achse beabstandet sind, gekennzeichnet da- 
durch, daG das Gerat weiterhin einen Solenoid aufweist, der eine Vielzahl von Windungen urn die Achse besitzt, 
wobei die Spulen relativ zueinander und zu dem Solenoid derart positioniert sind, daG dann, wenn Arbeitsstrdme 

15 durch die Spulen und den Solenoid flieGen, ein magnetisches Feld innerhalb des Solenoids erzeugt wird, wobei 

das magnetische Feld eine Komponente nulllter Ordnung und einen Gradienten erster Ordnung mit Gradienten 
hoher Ordnung, die im wesentlichen ausbalanciert sind, besitzt, wobei das magnetische Feld Konturen eines kon- 
SianterrWarts bssit^ von der Achse des Solenoids 

erstreckt, und wobei Bereiche eines im wesentlichen homogenen magnetischen Felds zum Durchfuhren eines 

20 NMR-Experiments urn die Konturen gebildet sind, wobei sich die Bereiche entlang der Konturen erstrecken und 

eine im wesentlichen konstante Dicke auf jeder der Seite der Konturen besitzen. 

2. Ein ein magnetisches Feld erzeugendes Gerat nach Anspruch 1, wobei das- magnetische Feld, das durch den 
Solenoid und durch die Spulen erzeugt ist, weiterhin einen Gradienten zweiter Ordnung umfaBt, wobei derjenige 

25 erster Ordnung mindestens gleich zu dem Gradienten zweiter Ordnung ist. 

3. Ein ein magnetisches Feld erzeugendes Gerat gemaG einem der vorhergehenden Anspruche, wobei die Spulen 
radial nach auGen von dem Solenoid positioniert sind. 

30 

Revendications 

1. Appareil genSrateur de champ magnetique comprenant : 

plusieurs bobines coaxiales espacees et le long d'un axe, caracteris6 en ce que I'appareil comprend en outre 

35 un solenoide comportant plusieurs tours autour dudit axe, en ce que lesdites bobines sont positionnees les unes 

par rapport aux autres et par rapport audit solenoide de facon telle que lorsque des courants de mise en oeuvre 
s'Scoulent dans lesdites bobines et dans ledit solenoide il se produit un champ magnetique a I'interieur dudit 
soienoTde, ledit champ magnetique ayant une composante d'ordre zero et un gradient du premier ordre avec des 
gradients d'ordres Sieves qui sont sensiblement equilibres ; en ce que ledit champ magnetique a des contours 

40 d'une valeur constante s'etendant avec une composante radialement vers I'exterieur dudit axe dudit solenoide ; 

et en ce que des regions de champ magnetique sensiblement homogene pour effectuer une experience de NMR 
(resonance magnetique nucleaire) se forment autour desdits contours, lesdites regions s'etendant le long desdits 
contours et ayant une epaisseur sensiblement constante de chaque cote desdits contours. 

45 2. Appareil g6n6rateur de champ magnetique selon la revendication 1 , dans lequel ledit champ magnetique produit 
par ledit soienoTde et lesdites bobines comprend en outre un gradient du second ordre, ledit premier ordre etant 
au moins egal audit gradient du second ordre. 

3. Appareil generateur de champ magnetique selon Tune quelconque des revendications precedentes, dans lequel 
so lesdites bobines sont positionnees radialement vers I'exterieur dudit solenoide. 



55 



15 




16 




17 





18 



EP 0 503 881 B1 



Fig. 30. 




Fig.3H 
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Fig. 4 . 
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Fig. 5. 

AA=A2~Ai 
AA=(A 2 *A 1 )/2 

AB=B2-Bi 
BA=(B 2 +B 1 )/2 

19 ^f- 1 1 
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